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Introduction
Hydrogen cyanide and its salts are well known powerful toxic agents for living organisms. Chronic exposure to cyanide can lead to liver and kidney damage, permanent paralysis, nervous lesions, hypothyroidism, and miscarriages. [1] Despite the potential hazard, cyanide is widely used for gold mining, where 90,000 tons of cyanide are employed every year in the USA for heap leaching extraction of gold from ore. [2] Furthermore, sites of former manufacturing gas plants or coke ovens -which are widespread in the industrialised world -are often contaminated by cyanide. [3] For these reasons, cyanide monitoring in soil has been of interest since the beginning of the 20th century. [4] The determination of cyanide in soil helps to assure national food safety and support the development of soil specific and crop-specific remedies for contaminated sites. Since the availability of soil for cultivation and farming is affected by potential contamination with cyanide, several countries have established guidelines for its maximum allowable concentration. These regulations (Table 1) There is no an unanimous definition for metal cyanide complexes, but as a general rule we can consider the compounds having a logK between 10 and 20 as weak complexes, between 20 and 30 moderately strong complexes and over 30 as strong complexes. [5] Since these metal complexes have different stability toward hydrolysis, their toxicity varies from one compound to another and depends upon environmental conditions. In this regard, speciation of cyanide compounds plays an important role in understanding mobility, toxicity and fate of cyanide in soil. [6] For example, Fe(III) cyanide complexes -which have been associated with low environmental risk [7] -may decompose under solar light to the toxic free cyanide form. [8] M A N U S C R I P T
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4 Furthermore, changes in the physico-chemical properties of the soil may result in the remobilization of adsorbed cyanide complexes leading to migration in groundwater or the atmosphere. [6] Therefore, attention should be given to the quantification of total cyanide in soil monitoring schemes.
The U.S. EPA developed several methods for cyanide determination, including titration [9] , spectrophotometry [9] , potentiometry with cyanide-selective electrodes [10] and flow injection with amperometric detection [11] . These methods can achieve detection limits that are sufficient for most regulatory needs (2 -5 g/L), but are complex, time-consuming, and require the manipulation of 20
-40 grams of sample, from which large amounts of hydrogen cyanide can be released.
Furthermore, spectrophotometric methods are not entirely compatible with high-alkaline solutions and are prone to matrix interferences from oxidizers and sulfur-bearing compounds. [12] Detection with cyanide-selective electrodes is severely affected by heavy matrices. [12] Ion chromatography with amperometric and conductometric detection has been proposed for the determination of cyanide. [13] However, fouling problems are reported with DC amperometric probes, whereas conductivity detection is rarely used due to the intrinsic nonlinear response with cyanide. [12] The use of mass spectrometry (MS) can overcome most of the issues related to the selectivity and specificity of the classic approaches and has the advantage of allowing the use of isotopically labelled internal standards for high-precision quantitation. Mass spectrometry has been proposed in conjunction with high performance liquid chromatography (HPLC) [14] [15] [16] [17] [18] and also with gas chromatography (GC) [4] , mainly for biological applications and for the determination of free cyanide. Both approaches require derivatization of cyanide before analysis. GC-MS appears most efficient because of the enormous abilities of high-resolution capillary column together with high selective detection system. The simplest chemistry proposed for GC entails acidification of the sample followed by headspace analysis of HCN. [19] Hydrogen cyanide, however, has poor retention on common GC columns and its low molar mass limits the performance of MS detection.
To overcome the disadvantages, CN should be derived to a high-mass molecule, which can be M A N U S C R I P T A C C E P T E D Safety Considerations. Cyanide is a toxic agent that can be released in the environment as gaseous HCN at pH < 9. All cyanide solutions should be prepared in 0.1% NaOH in a vented fumehood.
Pentafluorobenzyl bromide is a corrosive alkylating agent and should be handled in a vented fumehood while wearing adequate PPEs.
Extraction of total cyanide from soil
A 5 g aliquot of homogeneous soil was suspended in 35 mL of 7.5% NaOH. At this point a suitable amount of the isotopically enriched internal standard (50 µg/g 13 C 15 N − in 7.5% NaOH) was added . Dilution and addition of Sn 2+ and Cu 2+ were performed under magnetic stirring using a pipet to transfer the reagents. Despite the acid nature of the Sn 2+ solution, the pH of the sample, after its addition, remained alkaline due to excess NaOH. This mixture was frozen followed by the addition of 250 L of 85% H 3 PO 4 . The vial was rapidly sealed with a gas-tight screwcap with Teflon/silicon septum and digested under magnetic stirring at 110 °C for two hours. After digestion the sample was frozen at −80°C. The vial hosting the frozen digested mixture was then opened under a fumehood and rapidly transferred to a 40 mL vial containing 2 mL of 0.1% NaOH. As shown in Figure 1 , the external vial was tightly closed and the system was held at 110°C for 30 minutes to promote migration of gaseous HCN from the acidic digested sample to the 0.1% NaOH solution.
After cooling to room temperature, the alkaline trapping solution was reacted with pentafluorobenzyl bromide and analysed by GC/MS as described in the following paragraphs.
Cyanide derivatization with pentafluorobenzyl bromide
In a 2 mL amber vial, a 100 L volume of alkaline sample extract (0.1% NaOH medium) was diluted with 700 L of acetone and derivatized with 10 µL of pentafluorobenzyl bromide. The reaction mixture was held at 22°C for 10 min. After cooling to room temperature, the mixture was taken to dryness under a nitrogen flow, redissolved with 500 L of n-hexane, transferred in a clean vial and analysed by GC/MS. Such extract were analysed after one, two and four weeks without any
detectable change in the response, thus trialkylated cyanide is stable for over a month in the nhexane solution kept at 4 °C.
GC-MS analysis
An Agilent 5973 GC/MS system equipped with a CombiPAL autosampler (CTC Analytics, Switzerland) was used for all measurements. The GC was fitted with a (50%-cyanopropylphenyl)- 
Quantitation and blank correction
The isotope dilution method was adopted for quantitation. [ 
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In order to compensate for procedural blank, the method of blank-matching was applied. [45] The only reagent that provides a contribution to the blank is the sodium hydroxide. In order to compensate for its effect, the same batch of sodium hydroxide was used for sample preparation and Table   2 . In EI, the molecular ion was the only −CN containing ion that was observed. In CI + the protonated molecular ion appeared as the most intense signal for all derivatives. In CI -the molecular ion was observed only for the F 5 Bn−CN whereas the loss of the −F 5 Bn moiety was M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
13 observed for the CI − mass spectrum of the di-, and tri-alkylated derivatives. For quantitation of these polyfluorinated compounds, CI − mode was preferred because it allowed for 10 and 50 times higher S/N ratios compared to EI and CI + respectively. Furthermore, the tri-alkylated derivative provided the best instrumental response in terms of detection limits and chromatographic separation, and therefore was chosen as the molecular target for quantitation.
The CI − mass spectrum of the tri-alkylated derivative generated from a cyanide standard of natural isotopic composition revealed one main signal at m/z = 386 Da ( Figure 3 . Experimental CI − mass spectra of the tri-alkylated derivative generated from cyanide of natural (top) and enriched (bottom) isotopic composition. 
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Derivatization procedures
Two procedures for the derivatization of anions with F 5 Bn−Br are reported: the extractive alkylation and the direct derivatization. [58] [59] [60] The principle of extractive alkylation is the transfer of the anion, as an ion pair with a quaternary ammonium cation, from the aqueous solution to a water-immiscible organic phase containing the alkylating reagent. Two different extractive alkylation methods were evaluated, but unsatisfactory derivatization yields were obtained (Supplementary content). This result was likely due to the competitive transport of both CN -and OH -ions by the ammonium cation into the organic phase and to the subsequent degradation of Since the extractive alkylation was not promising for the derivatization of cyanide, the direct derivatization approach was followed. This method is based on the direct dilution of the sample with a water-miscible organic solvent, followed by reaction with F 5 Bn−Br. The reaction mixture can be heated to promote the derivatization.
We found that the performance of the direct derivatization approach is dependent on the nature of the solvent and pH of the aqueous sample analysed.
Water-miscible organic solvents have a strong effect on the yield and selectivity of the alkylation.
When the derivatization was performed without an organic solvent or in methanol, no formation of cyanide derivatives was observed. In a tetrahydrofuran media the formation of F 5 Bn−CN was promoted, whereas in acetone, the formation of di-and tri-alkylated derivatives was favoured.
Selective formation of (F 5 Bn) 2 The procedure was highly reproducible, with a RSD of 1.5% based on five independent measurements of 50 ng/g of cyanide standard in NaOH 0.1 M.
Cyanide extraction from soil
Cyanide is present in soils and sediments in different chemical forms, i.e., free cyanide, weak-acid dissociable cyanide and strong-acid cyanide. The acid pretreatment described in this work (pH < 2) allows accurate quantitation of total cyanide, with a simple and cost effective approach that can be useful in soil monitoring schemes.
Sample treatment with 7.5% NaOH is required in order to dissolve ionic and complexed cyanide as well as for the hydrolysis of Prussian Blue. Therefore, for the determination of total cyanide, acid hydrolysis of the alkaline soil extract followed by alkaline trapping of the resulting HCN was adopted. Figure 1 . As shown in Table 3 , after a 2 hour digestion at 110°C under magnetic stirring complex cyanide was converted to free cyanide, thus in the same form of the internal standard (free 13 C 15 N − ).
Eventual analyte losses which could occur after equilibration, did not pose a concern because they were fully accounted for by the internal standard. In this regard, it is worth mentioning that the isotope ratio is an intensive variable for isotope dilution quantitation which is independent from the size of the sample. After digestion, the sample was kept at −80°C until the solution was completely frozen. At this temperature the HCN gas-liquid equilibrium shifted entirely to the condensed phase.
The vial was then rapidly opened and inserted in a larger vial containing 0.1% NaOH, as shown in Despite the intrinsic nonlinearity of the isotope dilution curve, a linear approximation was satisfactory to describe the calibration plot in the interval of concentration investigated for this study. For the utmost precision however, a Padé [1,1] approximant should be employed to fit the calibration data points for an isotope dilution experiment. [63] A comparison between the results generated by linear calibration and Padé [1, 1] is reported in Table   3 . As presented previously, [63] the Padé [1, 1] describes the true curvature of the isotope dilution Isotope dilution is regarded as a primary method for the generation of quantitative data. In our approach the use of the isotopically enriched internal standard -added at the beginning of the analysis -compensates for potential analyte losses due to sample preparation and incomplete derivatization, and to correct for matrix effects.
The method presented also has the advantage of high sensitivity: when a 100 µL volume of 5 ng/g CN − standard was analysed with the procedure for total cyanide, a S/N ratio of 1600 was observed for the analytical peak. In our experiment, the blank of the 0.1% NaOH limits the detection limit of the method to 0.5 ng/g and the limit of quantification to 1.7 ng/g CN − . The chromatograms of the reagent blank and of a 1 ng/g cyanide standard solution are reported in Figure 4 . Even at the partper-billion level, the analytical peak for cyanide is the most intense and is resolved from other closely eluting peaks whose area is less than 1% of the cyanide peak at the quantitation limit.
The detection and quantification limits for the determination of total cyanide in soil are 0.04 and 0.14 mg/kg, respectively, evaluated during extraction of 5 g of soil in 35 mL of 7.5% NaOH and treated for the analysis of total cyanide as described in Section 2.2.
Validation of the proposed method was carried out by analysing two certified reference materials and the results (Table 4) Uncertainties are reported with a coverage factor k = 1
Conclusions
Over one million metric tons of cyanide are used annually by the chemical industry for mining gold.
The monitoring of this toxic analyte in soil is therefore an important environmental task. The novel method presented here for the determination of total cyanide is mass spectrometry-based and takes full advantage of the use of 
RESEARCH HIGHLIGHTS
• A cost-effective, fast and simple method for determination of total cyanide in soil is presented.
• A new micro-distillation strategy was developed overcoming the problems of a conventional distillation.
• Negative chemical ionization-mass spectrometer has been exploited to obtain a high sensitivity and specificity.
• High accuracy was attained for the analysis of certified reference materials with quadruple isotope dilution technique.
